To demonstrate the feasibility of using chemical shift magnetic resonance (MR) imaging fat-water separation methods for quantitative estimation of transcatheter lipiodol delivery to liver tissues.
Studies were performed in accordance with institutional Animal Care and Use Committee guidelines. Proton nuclear MR spectroscopy was first performed to identify lipiodol spectral peaks and relative amplitudes. Next, phantoms were constructed with increasing lipiodol-water volume fractions. A multiecho chemical shift-based fatwater separation method was used to quantify lipiodol concentration within each phantom. Six rats served as controls; 18 rats underwent catheterization with digital subtraction angiography guidance for intraportal infusion of a 15%, 30%, or 50% by volume lipiodol-saline mixture. MR imaging measurements were used to quantify lipiodol delivery to each rat liver. Lipiodol concentration maps were reconstructed by using both single-peak and multipeak chemical shift models. Intraclass and Spearman correlation coefficients were calculated for statistical comparison of MR imaging-based lipiodol concentration and volume measurements to reference standards (known lipiodol phantom compositions and the infused lipiodol dose during rat studies).
Results:
Both single-peak and multipeak measurements were well correlated to phantom lipiodol concentrations (r 2 . 0.99). Lipiodol volume measurements were progressively and significantly higher when comparing between animals receiving different doses (P , .05 for each comparison). MR imaging-based lipiodol volume measurements strongly correlated with infused dose (intraclass correlation coefficients . 0.93, P , .001) with both single-and multipeak approaches.
Conclusion:
Chemical shift MR imaging fat-water separation methods can be used for quantitative measurements of lipiodol delivery to liver tissues.
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with more than 20 years of experience in the field of nuclear MR spectroscopy). Lipiodol dissolved in denatured chloroform was analyzed by means of a 360-MHz spectrometer (Bruker Avance; Bruker Medical, Ettlingen, Germany) by using 1 H and carbon 13 ( 13 C) techniques (single-pulse sequence, 30° flip angle, and 15-second recycle delay interval to ensure that resulting peak areas were quantitative). Lipiodol is not a pure compound with the exact chemical structure unknown, but many signals in its 1 H spectrum can be assigned by using their chemical shifts. A verification of these assignments was performed with 13 C attached proton tests, two-dimensional Chemical Shift Lipiodol-Water Separation Methods A multiecho variable projection (VARPRO)-based fat-water separation intensity changes were variable between patients and thus not a viable option for quantitative estimation of lipiodol delivery. Alternatively, the fatty acids within lipiodol should permit in vivo quantification of intrahepatic biodistribution with chemical shift-based fat-water separation techniques (15) .
Fat-water imaging methods have rapidly evolved (16,17) with strategies used to overcome the deleterious effect of field inhomogeneties (18). Recently developed spectral modeling approaches (19, 20) , the so-called multipeak methods, can improve the accuracy of fat-water measurements. The feasibility of detecting lipiodol delivery with fat-water imaging techniques was recently demonstrated clinically in patients with HCC (21) .
The purpose of our study was to demonstrate the ability to use chemical shift-based fat-water separation methods for quantitative estimation of lipiodol concentrations following transcatheter delivery to liver tissues.
Materials and Methods
Nuclear MR Spectroscopy of Lipiodol Lipiodol (Guerbet, Bloomington, Ind), also previously marketed in the United States as ethiodol, is a mixture of ethyl esters of poppy seed oil to which iodine has been added. The iodine adds to the unsaturated bonds in the fatty acids to produce a mixture of iodostearates and stearate esters. Proton ( 1 H) nuclear MR spectroscopy measurements were performed to identify chemical structures in lipiodol and determine the position and relative amplitude of 1 H spectral peaks; these were later included in a multifrequency signal model during chemical shiftbased MR imaging measurements of lipiodol concentration (R.A.K., a physicist T ranscatheter arterial chemoembolization (TACE) is a widely accepted palliative therapy for the treatment of hepatocellular carcinoma (HCC) (1, 2) . TACE involves selective placement of a catheter to deliver drugs and embolic materials directly into the vascular supply of targeted tumors. TACE has been proven to improve patient survival and reduce tumor burden (3, 4) .
During TACE, a mixture of drugs emulsified within iodinated oil (lipiodol) is selectively infused to treat the targeted lesions. Lipiodol serves a pivotal role as both drug carrier and embolic agent (5) . Lipiodol can be visualized intraprocedurally to confirm delivery with fluoroscopy (6) or postprocedurally with computed tomography (CT) (7, 8) . CT performed after TACE provides an estimate of overall procedural efficacy to predict therapeutic outcome (9).
The distribution of the lipiodol drug emulsion can be qualitatively visualized with digital subtraction angiography (DSA) methods or with follow-up CT; however, quantitatively estimating the intrahepatic distribution of lipiodol after transcatheter infusion can be challenging. Recently, rotational DSA/Carm CT methods have been proposed for intraprocedural lipiodol distribution measurements (10) but these methods provide relatively limited spatial coverage and require exposure to a relatively high dose of ionizing radiation.
With the increasing availability of combined DSA/magnetic resonance (MR) imaging procedure suites (11,12), it is now possible to use DSA to guide catheter placement and MR imaging as a complimentary modality allowing a broad range of additional quantitative imaging measurements (13). Prior studies performed in patients after undergoing TACE procedures have reported T1-and T2-weighted signal intensity changes attributed to lipiodol deposition (14); however, these signal Implication for Patient Care 
MR Imaging Studies
Studies were performed by using a 1.5-T MR imager (Magnetom Avanto; Siemens, Erlangen, Germany) and a 12-channel receiver coil. For all studies, an MGRE pulse sequence was used with the following acquisition parameters: repetition time of 1000 msec, echo time of 2.46 msec, and echo train length of 12, with spacing of 2.7 msec; 192 3 70 matrix; 240-mm field of view; 75° flip angle; 3.5-mm section thickness; 900-Hz/pixel bandwidth; and six signals acquired. We reduced effective echo time spacing to 0.9 msec by acquiring a second and third interleaved data set with the echo train delayed such that the echo time for the first echo was 3.36 msec, and 4.26 msec for the second and third data sets.
Histologic Evaluation
Livers were excised and two to three sections were sampled from the targeted hepatic lobe. These specimens were placed in a 280°C freezer overnight. A subset of these specimens were fixed in formaldehyde and embedded in paraffin for histologic examination; Oil-Red-O staining (28) was used to confirm parenchymal delivery of the lipiodol media qualitatively. Histology slides were digitized by using a multichannel automated imaging system (Tissue Gnostics, Vienna, Austria) and assessed (X.Y. and Y.G., each with more than 3 used when simultaneously solving for fat and water signal components from the complex images. Specific VARPRO implementation details for the current studies included field inhomogeneity bounds from 2800 to 800 Hz discretized into 600 field values, 5 3 5 window for Markov random field neighborhood, and regularization parameter m = 0.02 (23) .
Lipiodol Phantom Preparation
Agar phantoms were constructed with lipiodol-water volume fractions of 0, 5%, 10%, 20%, and 40% based on previously described oil/water phantom preparation methods (26, 27) (J.N., 3 years of experience). In brief, each 10 mL phantom included 43 mmol/L sodium dodecyl sulfate and sodium chloride, 3.75 mmol/L sodium azide, 0.3 mmol/L gadopentetate dimeglumine, and 2% wt/vol agarose. The corresponding lipidol concentrations for these five phantoms were 0, 0.064, 0.10, 0.256, and 0.512 g/mL, respectively.
Animal Model Preparation
Studies were performed in accordance with our institutional Animal Care and Use Committee guidelines. Twenty-four adult Sprague-Dawley rats (Charles River Laboratories, Wilmington, Mass) were divided into four groups (six rats per group), with groups 1, 2, and 3 receiving transcatheter intrahepatic 1 mL infusions of 15%, 30%, and 50% by volume lipiodol-saline mixture, respectively; group 4 served as a control without operation or lipiodol infusion. For rats in groups 1, 2, and 3, skin incisions and dissections were performed to expose the portal vein. Sutures were placed proximal and distal to the intended access point. A 24-gauge angiocatheter was used to cannulate the portal vein. Once access was obtained, method was used for the current study (22) . These VARPRO-based methods involve jointly solving for both chemical shift signal components and field inhomogeneities; VARPRO permits the use of both single-and multipeak chemical shift signal models (22, 23) .
Equations (1) and (2) model the signal intensity in a single voxel recorded during a multiple gradient-recalled echo (MGRE) readout with t n the echo formation time for the nth echo. For the single-peak signal model shown in Equation (1), the signal intensities for water and lipiodol components are represented by s w and s L , respectively, with f B the local frequency offset due to the presence of an inhomogeneous static field. The single-peak resonance frequency for lipiodol at 1.5 T, f L , was determined to be 2216 Hz (principle peak at ~1.3 parts per million in Fig  1) . For the multipeak model shown in Equation (2), the lipiodol signal was represented with M equal to four peaks with the amplitudes of these respective peaks a m (23, 24) and corresponding resonant frequencies f L,m (see Results for specific amplitudes and frequencies): VARPRO-based fat-water separation methods consider a system of equations representing S(t n ) for all voxels as a separable nonlinear least-squares fitting problem (22, 25 H-13 C heteronuclear multiple-quantum correlation spectroscopy. Lipiodol contains several types of fatty acids as determined by thin layer chromatography and the number of carbon peaks greatly exceeds the number expected from a pure stearate compound. On the basis of these nuclear MR measurements, we estimated the principle high-energy lipiodol spectral peaks (f L ) to be located at {233, 2153, 2216, 2242 Hz} for subsequent MR imaging studies at 1.5 T with relative amplitudes (a m ) for these peaks estimated to be {0.098, 0.082, 0.701, 0.112}, respectively. While five additional peaks were observed in the lipiodol spectrum (grayed zones in spectrum), these were MR imaging research) to encompass the lipiodol-infused gel portion of each phantom in the lipiodol concentration maps. Identical ROI sizes were used for each phantom measurement. For the animal model studies, ROIs were drawn to encompass the entire volume of normal liver parenchyma in each section while excluding nonhepatic tissues. These ROIs were drawn for all sections in each animal for complete volumetric three-dimensional liver coverage (liver ROI volumes for these animal model studies ranged from 11.7 to 14.0 cm 3 ). A summation of these concentration values and subsequent multiplication of this sum by the voxel size (30) produced a whole-liver lipiodol volume measurement for each animal. For animal model studies, a baseline offset was anticipated (given the presence of endogenous fat within normal liver tissues). This offset was estimated from control animal data sets (those not receiving a lipiodol infusion). Voxelwise subtraction of this offset was performed to produce a second set of corrected whole-liver lipiodol volume measurements for each rat in groups 1, 2, and 3.
years experience with the assessment of rodent pathology slides).
Data Analysis
For phantom imaging studies, water (s w ) and lipiodol (s L ) images were calculated by using the previously described VARPRO-based method and either single-peak or multipeak chemical shiftsignal models. An equal relative proton density (rl/MW, with density r, molecular weight MW, and l the number of proton per molecule) was assumed for water and lipiodol (r w l w /MW w : r L l L / MW L ' 1). With the latter assumptions (15, 21, 29) one can approximate the lipiodol volume fraction for each voxel based on the corresponding lipiodol signal fraction measurement (s L /s W + s L ) (15) . Voxelwise lipiodol concentration maps (in grams per milliliter) were thus calculated by means of scaling of the lipiodol volume fraction maps (multiplication by known density of lipiodol = 1.28 g/mL).
A circular 24-mm-diameter region of interest (ROI) was drawn (by X.Y., with more than 5 years experience in fields of signal processing and 1 H spectrum for lipiodol measured (in parts per million) by using 360-MHz nuclear MR spectrometer and approximated chemical structure.
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Yin et al plots, these hepatic MGRE VARPRObased measurements produced lipiodol volume measurements that were offset roughly 0.4 mL above the injected dose (likely due to the presence of endogenous fat within the rat liver). The calculated mean lipiodol volumes for control animals were roughly 0.39 mL and 0.46 mL (offsets for single-and multipeak modeling, respectively). A voxelwise subtraction of this offset produced whole-liver lipiodol volume measurements that more closely agreed with the recorded infusion volumes (Table 2) . Lipiodol in liver tissue specimens was clearly identified as punctate red droplets within the Oil-Red-O-stained histology slides (Fig 6a) ; these deposits were not observed in control specimens. For most animals, the lipiodol distribution was also visible during the initial gross P  .05 for comparison of single-peak measurements and P  .05 for comparison of multipeak measurements) (Fig  4) . MR imaging-based intrahepatic lipiodol volume measurements significantly increased with increased transcatheter lipiodol dose as indicated by significant linear trends (P  .001). For both single-and multipeak approaches, mean lipiodol volume measurements were progressively and significantly higher when comparing between groups receiving different lipiodol doses (P , .05 for each comparison). Comparison of MR imaging-based intrahepatic lipiodol volume measurements and the transcatheter-infused dose indicated intraclass correlation coefficients of 0.939 (P , .001) for single-peak method and 0.933 (P , .001) for the multipeak method (Fig 5) . However, as demonstrated in Figure 5 of lower amplitude accounting for less than one-third of overall peak area. These five peaks were not specifically assigned and these were not included in our multifrequency signal model during subsequent MR imaging studies. Both single-peak and multipeak measurements were well correlated to known lipiodol concentration (r 2 . 0.99 for both methods, Fig 2) . For control phantom (void of lipiodol content), both single-and multipeak methods overestimated lipiodol concentration; however, for these phantom studies the accuracy of multipeak measurements tended to increase with increasing lipiodol concentration whereas single-peak measurements consistently underestimated lipiodol content with increasing concentration (Table 1) .
Animal Model
During transcatheter infusion procedures, intrahepatic lipiodol delivery in each animal was confirmed with DSA (Fig 3) . Lipiodol distribution typically followed one of two potential patterns: either (a) diffuse delivery to multiple lobes or (b) focal delivery to only a limited region. Lipiodol delivery to the lungs via hepatopulmonary communications was not observed in these animals.
Analysis of variance indicated significant differences between intrahepatic lipiodol volume measurements for the four different groups (control animals and animals in groups 1, 2, and 3, with 
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These findings are consistent with prior studies using chemical shift methods for hepatic fat quantification; for these prior studies, the overestimation of fat was attributed to low fat signal content and associated noise bias (31) . For animal model studies, both single-peak and multipeak approaches produced lipiodol measurements that were strongly correlated to the infused lipiodol dose. However, while strongly correlated, both approaches produced measurements that included a consistent baseline offset proportional to the lipiodol volume estimated for the control animals. This finding was not entirely unexpected given the similar position lipiodol-mediated drug delivery during TACE procedures. Therapeutic outcomes are anticipated to be strongly correlated to the volume of drug-lipiodol cocktail delivered to liver tumor tissues. Quantitative measurements of intrahepatic lipiodol distribution may ultimately permit early prediction of treatment response.
Both single-peak and multipeak modeling approaches produced lipiodol measurements strongly correlated to phantom composition. Both approaches overestimated lipiodol concentration for the control phantom but produced measurements that were more accurate with increasing lipiodol concentration. examination of the excised liver specimens; these focal deposits were depicted as regions of yellow or white discoloration of hepatic tissues that would otherwise be red in color at necropsy (Fig 6b) .
Discussion
These preclinical studies demonstrate the use of chemical shift-based fat-water separation methods for the quantification of lipiodol delivery to the liver. Given the potential benefits of MR imaging over competing modalities, the described methods may have important future implications for monitoring 
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Yin et al correlations of 0.939 and 0.933 for single-and multipeak methods, respectively). However, at subtraction of the baseline offset (estimated from control group), the single-peak measurements tended to more accurately reflect the infused lipiodol dose (smaller absolute differences between infused lipiodol volume and offset-corrected MR imaging-based measurement in each animal; Table 2 ); additional studies are necessary to validate these findings and rigorously examine the discrepancy between these signal models for phantom versus intrahepatic measurements. Inherent differences in signal-to-noise ratio and tissue relaxation characteristics between phantom and animal settings may have contributed to the latter findings. Of importance, a model-based correction for T2* relaxation was not performed in our study; these corrections can improve quantitative accuracy during multiecho chemical shift-based fat-water measurements (24, 27, 35) and thus may also lead to improved accuracy during intrahepatic lipiodol measurements. Further investigation of signal models that include both fat and water relaxation rates or involve separate modeling of endogenous fat and lipiodol signal components (rather than the subtraction of an estimated baseline) may serve to improve the accuracy of both single-and multipeak methods. However, the efficacy of the latter approach would presuppose a sufficient difference between lipiodol and endogenous fat proton spectra; a rigorous definition of these spectral differences could be a valuable focus of future investigations beyond our current feasibility studies. The practical implication of an inability to discriminate endogenous fat from lipiodol is unclear. Primary liver tumors (HCCs) are the primary indication for TACE. HCCs rarely contain fat (36) . Fat content can be observed in some cases of early stage HCC (1.0-1.5 cm) (37) but these are often treated with resection or percutaneous ablation rather than TACE. Fat deposition in larger, well-differentiated HCC is uncommon (38) . The standard deviation of MR imaging-based lipiodol volume measurements imaging approaches are reliant only on the x-ray attenuation resulting from the iodine component of the lipiodol medium, thus, the accuracy of CT methods is not adversely affected by variations in endogenous hepatic fat content.
For phantom studies, the singlepeak approach underestimated lipiodol concentrations. For each phantom, the MR imaging-based approximation of lipiodol concentration was higher when using the multipeak method compared with corresponding measurement performed by using the single-peak method. Similarly, for subsequent animal model studies, the multipeak approach yielded larger lipiodol volume measurements for each group. Both methods produced measurements strongly correlated to the infused dose (intraclass of the spectral peaks for lipiodol and hepatic fat tissues (21) ; the calculated mean lipiodol volumes for control animals corresponded to fat fractions of 3%-4%, both well within ranges previously reported for normal liver parenchyma (32, 33) . Voxelwise subtraction of this offset concentration produced whole-liver lipiodol measurements that were consistent with the bulk volumes infused. While effective for correcting lipiodol measurement offsets in normal liver tissues, the latter approach may be ineffective in diseased hepatic tissues or for measurements within tumor tissues (34) . Accurate measurements in the latter settings may require baseline chemical shift fat measurements prior to TACE procedures to allow for patientspecific offset corrections. CT lipiodol Our study had several limitations. First, these studies were performed with lipiodol delivered to normal liver parenchyma without a liver tumor present and with lipiodol infused through a catheter positioned within the portal vein rather than in a hepatic artery (per conventional TACE). The portal vein was chosen given its larger diameter and surgical accessibility. Given the promising outcomes of these initial feasibility studies, future investigations are now warranted to evaluate the efficacy of these methods for the quantification of lipiodol delivery to liver tumors (39) ; such investigations should also compare the proposed MR imaging-based lipiodol distribution measurements to longitudinal outcomes, but this was beyond the scope of the current validation study. Finally, ex vivo imaging permitted long repetition times with a relatively high flip angle (75°) for superior signal-to-noise ratio; gating procedures and appropriately optimized sequence parameters will be necessary to avoid respiratory motion artifacts and potential T1 bias (31, 40, 41) during future in vivo imaging studies.
Practical application: We have demonstrated that chemical shift-based MR imaging methods can be used to accurately quantify transcatheter lipiodol delivery to liver tissues. Lipiodol serves a critical role as both drug carrier and viscous embolic agent during TACE
